Supplemental Table 1. Comparison of comprehensive cardiopulmonary, oxygenation, and complexity parameters across baseline, speaking valve training, and 30-minute recovery phases using continuous wearable monitoring.
	Parameters
	Baseline(T0)
	train(T1)
	recovery(T2)
	P value

	
	
	
	
	T0 VS. T1
	T0 VS. T2
	T1 VS. T2

	A. Macro Vital Signs parameters

	BR_mean
	24.08±4.69
	24.20±4.65
	24.55±4.46
	0.83
	0.26
	0.4

	BR_median
	23.55±4.83
	23.60±4.80
	23.94±4.68
	0.94
	0.37
	0.38

	BR_std
	4.48±2.07
	4.87±1.95
	4.76±1.95
	0.32
	0.4
	0.74

	BR_cv
	18.40±7.60
	20.26±7.59
	19.51±7.64
	0.15
	0.34
	0.37

	HR_mean
	81.32±12.37
	82.47±12.03
	83.33±12.35
	0.1
	0.03
	0.73

	HR_min
	69.19±11.95
	70.78±11.82
	70.62±10.54
	0.07
	0.22
	0.52

	HR_max
	100.17±16.12
	100.55±16.69
	101.13±15.25
	0.83
	0.59
	0.75

	HR_std
	4.81±2.72
	4.24±2.06
	4.24±1.87
	0.08
	0.3
	0.83

	spo2_mean
	96.20±1.87
	96.53±1.58
	96.76±1.54
	0.41
	0.05
	0.49

	spo2_max
	98.85±0.92
	99.04±0.79
	99.13±0.85
	0.34
	0.08
	0.51

	spo2_min
	89.00±5.55
	89.60±5.84
	91.03±3.99
	0.44
	0.03
	0.29

	spo2_std
	1.75±1.24
	1.71±1.55
	1.41±0.78
	0.42
	0.15
	0.51

	spo2_dearea
	2.80±1.87
	2.47±1.58
	2.24±1.54
	0.41
	0.05
	0.49

	spo2_time_below80
	0.23±1.13
	0.43±2.06
	0.07±0.59
	0.51
	0.08
	0.15

	spo2_time_below85
	0.73±2.39
	0.71±2.93
	0.12±0.77
	0.69
	0.03
	0.07

	spo2_time_below90
	3.19±8.55
	2.06±5.51
	0.74±1.93
	0.32
	0.01
	0.16

	spo2_time_below95
	18.14±22.62
	13.59±20.38
	14.90±20.20
	0.48
	0.42
	0.67

	B. Respiratory Cycle Structure parameters

	TE_mean
	1.47±0.30
	1.53±0.35
	1.48±0.30
	0.21
	0.56
	0.3

	TE_std
	0.62±0.22
	0.73±0.28
	0.65±0.27
	0.01
	0.57
	0.03

	TE_cv
	42.15±12.44
	45.36±13.07
	44.25±15.26
	0.13
	0.52
	0.72

	TI_mean
	1.22±0.19
	1.19±0.17
	1.17±0.16
	0.12
	0.03
	0.2

	TI_std
	0.46±0.17
	0.46±0.15
	0.44±0.15
	0.59
	0.81
	0.23

	TI_cv
	36.94±12.12
	38.60±10.60
	37.41±11.40
	0.42
	0.85
	0.56

	TE_ratio_mean
	53.92±3.13
	55.14±3.72
	54.54±3.12
	0.01
	0.1
	0.17

	TE_ratio_cv
	18.11±4.99
	19.30±5.35
	18.44±5.97
	0.12
	0.58
	0.22

	TI_ratio_mean
	46.08±3.13
	44.86±3.72
	45.46±3.12
	0.01
	0.1
	0.17

	TI_ratio_cv
	21.93±6.27
	24.06±7.08
	22.50±7.30
	0.01
	0.55
	0.05

	RESP_AMP_cv
	82.20±29.45
	71.46±26.82
	77.20±27.72
	0.03
	0.3
	0.11

	C. Respiratory Complexity parameters

	RESP_AMP_1
	0.59±0.37
	0.87±0.46
	0.73±0.41
	0
	0.02
	0.03

	RESP_AMP_2
	0.61±0.38
	0.88±0.44
	0.72±0.40
	0
	0.05
	0.01

	RESP_AMP_3
	0.62±0.38
	0.86±0.41
	0.73±0.41
	0
	0.06
	0.04

	RESP_AMP_4
	0.64±0.40
	0.83±0.38
	0.73±0.40
	0
	0.13
	0.08

	RESP_AMP_5
	0.64±0.37
	0.82±0.37
	0.75±0.41
	0
	0.13
	0.22

	RESP_AMP_area_1_5
	3.10±1.86
	4.26±2.03
	3.65±1.98
	0
	0.05
	0.04

	RESP_AMP_slope_1_5
	0.01±0.04
	-0.01±0.05
	0.01±0.05
	0
	0.33
	0.02

	BR_1
	0.82±0.24
	0.88±0.21
	0.84±0.20
	0.12
	0.51
	0.3

	BR_2
	0.99±0.34
	1.10±0.29
	1.05±0.32
	0.04
	0.34
	0.28

	BR_3
	1.05±0.36
	1.17±0.30
	1.12±0.34
	0.04
	0.28
	0.39

	BR_4
	1.09±0.43
	1.26±0.35
	1.16±0.36
	0.04
	0.28
	0.15

	BR_5
	1.09±0.39
	1.26±0.38
	1.19±0.40
	0.02
	0.07
	0.33

	BR_area_1_5
	5.04±1.66
	5.67±1.38
	5.37±1.51
	0.02
	0.26
	0.25

	BR_slope_1_5
	0.06±0.07
	0.09±0.07
	0.08±0.06
	0.02
	0.05
	0.39

	RRV_SD1/SD2
	0.38±0.09
	0.40±0.10
	0.39±0.09
	0.1
	0.6
	0.17

	RRV_SD1
	2.18±1.11
	2.61±1.30
	2.40±1.14
	0.01
	0.09
	0.29

	RRV_SD2
	5.91±2.73
	6.35±2.50
	6.25±2.51
	0.54
	0.49
	0.83

	RRV_S
	41.61±31.66
	57.56±44.72
	54.92±42.97
	0.03
	0.04
	0.74

	RRV_SampEn
	0.89±0.25
	0.96±0.18
	0.93±0.23
	0.13
	0.5
	0.52

	D. Heart Rate Variability(HRV) parameters

	mean_nni
	750.55±121.99
	731.51±108.37
	734.43±105.66
	0.02
	0.08
	0.56

	pnni_20
	4.35±5.39
	3.43±4.57
	3.73±4.62
	0.07
	0.5
	0.59

	pnni_50
	0.19±0.38
	0.08±0.15
	0.09±0.16
	0.03
	0.07
	0.9

	SDNN
	42.10±22.46
	37.88±18.64
	40.69±22.75
	0.13
	0.38
	0.4

	RMSSD
	11.14±5.15
	[bookmark: _GoBack]10.09±4.28
	10.18±4.42
	0.03
	0.06
	0.82

	HF
	21.01±21.12
	15.81±12.25
	16.60±15.35
	0.03
	0.02
	0.45

	LF
	72.37±78.62
	68.88±71.08
	66.18±72.55
	0.32
	0.49
	0.47

	LF/HF
	3.40±2.12
	3.13±2.00
	3.80±2.62
	0.2
	0.24
	0.02

	total_power
	345.88±342.59
	281.74±269.52
	264.03±244.45
	0.03
	0.01
	0.72

	vLF
	247.67±237.42
	209.38±201.92
	209.36±199.63
	0.07
	0.08
	0.83

	SD1
	7.88±3.64
	7.13±3.02
	7.20±3.12
	0.03
	0.06
	0.82

	SD2
	58.40±31.21
	52.30±25.37
	56.29±31.00
	0.12
	0.41
	0.38

	SD1/SD2r
	6.93±3.25
	5.99±2.56
	6.98±3.09
	0.05
	0.84
	0.02

	Sampen
	0.86±0.48
	0.91±0.41
	0.80±0.43
	0.32
	0.97
	0.05

	CSI
	6.93±3.25
	5.99±2.56
	6.98±3.09
	0.05
	0.84
	0.02

	triangular_index
	7.76±3.81
	6.61±2.51
	7.03±3.27
	0.03
	0.18
	0.45

	HR_MSE_1
	0.71±0.43
	0.74±0.39
	0.66±0.38
	0.42
	0.97
	0.11

	HR_MSE_2
	0.60±0.31
	0.63±0.30
	0.55±0.27
	0.35
	0.56
	0.02

	HR_MSE_3
	0.57±0.26
	0.64±0.29
	0.55±0.24
	0.14
	0.76
	0.03

	HR_MSE_4
	0.62±0.28
	0.69±0.31
	0.60±0.26
	0.22
	0.82
	0.06

	HR_MSE_5
	0.65±0.28
	0.73±0.32
	0.63±0.26
	0.19
	0.72
	0.04

	HR_MSE_6
	0.69±0.28
	0.79±0.35
	0.68±0.28
	0.09
	0.92
	0.04

	HR_MSE_7
	0.74±0.32
	0.84±0.38
	0.71±0.29
	0.14
	0.63
	0.02

	HR_MSE_8
	0.77±0.33
	0.85±0.36
	0.77±0.33
	0.22
	0.94
	0.12

	HR_MSE_9
	0.82±0.35
	0.89±0.38
	0.76±0.30
	0.24
	0.32
	0.02

	HR_MSE_10
	0.83±0.35
	0.91±0.38
	0.80±0.33
	0.18
	0.74
	0.06

	HR_MSE_11
	0.83±0.35
	0.91±0.37
	0.84±0.34
	0.22
	0.86
	0.24

	HR_MSE_12
	0.84±0.34
	0.93±0.37
	0.85±0.32
	0.13
	0.91
	0.11

	HR_MSE_13
	0.84±0.34
	0.94±0.39
	0.84±0.31
	0.11
	0.92
	0.09

	HR_MSE_14
	0.86±0.36
	0.96±0.37
	0.87±0.34
	0.15
	0.91
	0.13

	HR_MSE_15
	0.88±0.36
	0.96±0.38
	0.88±0.34
	0.26
	0.99
	0.19

	HR_MSE_16
	0.88±0.31
	0.96±0.33
	0.92±0.34
	0.21
	0.59
	0.52

	HR_MSE_17
	0.88±0.31
	0.97±0.32
	0.93±0.31
	0.04
	0.35
	0.49

	HR_MSE_18
	0.87±0.27
	0.97±0.33
	0.91±0.34
	0.07
	0.5
	0.3

	HR_MSE_19
	0.91±0.31
	0.95±0.31
	0.92±0.31
	0.43
	0.82
	0.59

	HR_MSE_20
	0.90±0.30
	0.97±0.32
	0.92±0.32
	0.27
	0.76
	0.48

	HR_MSE_area_1_5
	3.13±1.44
	3.45±1.52
	2.99±1.30
	0.22
	0.7
	0.05

	HR_MSE_area_6_20
	11.98±4.31
	13.01±4.80
	12.16±4.14
	0.21
	0.82
	0.26

	HR_MSE_slope_1_5
	0.02±0.04
	0.01±0.06
	0.02±0.06
	0.76
	0.98
	0.52


Notes: T0, baseline; T1, training period; T2, recovery period. Data are presented as mean ± SD.
A. Macro vital signs parameters reflect fundamental safety thresholds and gas exchange outcomes:
HR_mean/HR_max/HR_min: Mean/maximum/minimum heart rate
BR_mean/BR_max/BR_min: Mean/maximum/minimum breath rate
SpO₂_mean/SpO₂_max/SpO₂_min: Mean/maximum/minimum blood oxygen saturation
SpO₂_time_below80/85/90/95: Time spent below 80%/85%/90%/95% SpO₂ thresholds
spo2_dearea: Desaturation area (integrated hypoxia burden)
B. Respiratory cycle structure parameters indicate respiratory cycle remodeling in response to upper airway resistance:
TI_mean/TI_std/TI_cv: Inspiratory time (mean, standard deviation, coefficient of variation)
TE_mean/TE_std/TE_cv: Expiratory time (mean, standard deviation, coefficient of variation)
TI_ratio_mean/TI_ratio_cv: Inspiratory time ratio (mean, coefficient of variation)
TE_ratio_mean/TE_ratio_cv: Expiratory time ratio (mean, coefficient of variation)
RESP_AMP_cv: Respiratory amplitude coefficient of variation
C. Respiratory complexity parameters evaluate central respiratory controller flexibility and compensatory reserve:
RRV_SD1/RRV_SD2/RRV_SD1SD2/RRV_S: Short - term/long standard deviations of the Poincaré plot; ratio of SD1 to SD2; area of the Poincaré plot ellipse;
RESP_AMP_1 - RESP_AMP_5: Respiratory amplitude multiscale entropy (scales 1 - 5)
BR_1 - BR_5: Breath rate multiscale entropy (scales 1 - 5)
RESP_AMP_area_1_5/BR_area_1_5: The area under the MSE curve for scales 1 to 5
RESP_AMP_slope_1_5/BR_slope_1_5: The slope of the MSE curve for scales 1 to 5
Note: Higher MSE indicates richer dynamic repertoire for breath - to - breath micro - adjustments against resistance
D. Heart rate variability(HRV) parameters assess cardiovascular stress response and sympathovagal balance:
Time-domain:
mean_nni: Mean of normal - to - normal RR intervals (average heart rate)
pnni_20/pnni_50: Proportion of RR intervals differing by >20ms/>50ms from the previous interval (beat - to - beat variability)
SDNN: Standard deviation of all normal RR intervals (overall HRV)
RMSSD: Root mean square of successive differences (short - term HRV, vagal activity)
Frequency-domain parameters:
LF: Low - frequency power (0.04 - 0.15 Hz, mixed sympathetic/parasympathetic)
HF: High - frequency power (0.15 - 0.4 Hz, vagal activity)
LF/HF: Ratio of low - to - high frequency power (sympathovagal balance)
total_power: Total spectral power (overall HRV)
vLF: Very low - frequency power (<0.04 Hz)
Nonlinear parameters:
SD1: Short - term HRV (perpendicular dispersion in Poincaré plot, vagal activity)
SD2: Long - term HRV (longitudinal dispersion in Poincaré plot, sympathetic activity)
SD1/SD2: Ratio of short - to - long term HRV (sympathovagal balance)
Sampen: Sample entropy (signal complexity)
CSI: Cardiac sympathetic index (combined HRV metrics)
triangular_index: Triangular interpolation of RR interval histogram (HRV)
HR_1 - HR_20: Heart rate multiscale entropy (scales 1 - 20)
HR_area_1_5: The area under the MSE curve for scales 1 to 5
HR_slope_1_5: The slope of the MSE curve for scales 1 to 5



